Abstract. The dynamics and influence of the connection between the Pacific and Indian Oceans in the Indonesian Archipelago (PACIO) on the upper tropical Pacific and Indian Oceans are investigated using a reduced gravity global model. Two different model geometries are used; the first has an open PACIO region (open case) that permits normal transport, the second has a closed PACIO region (closed case) that allows no transport. The model is forced by either monthly [1980][1981][1982][1983][1984][1985][1986][1987][1988][1989] 
Introduction
steric height in the Indian Ocean determined that net transport from the Pacific Ocean to the Indian Ocean The connection between the Pacific and Indian Oceans through the PACIO region could have a large effect on in the Indonesian Archipelago (PACIO region) is com-the Sverdrup circulation pattern in the southern Inposed of three major passages (Figure 1 ). These pas-dian Ocean, which would otherwise be more like that sages are Lombok Strait to the south of Java, Savu of the other tropical oceans. They hypothesized that Strait to the north of Timor Island, and Timor Strait throughflow of Pacific water is also an important factor between Timor Island and Australia. The minor pas-in the Leeuwin current, the East Australian flow, and sages are both narrow and shallow, and no significant the South Equatorial current and that the throughflow transport is assumed to pass through them. There have may be responsible for the observed lack of upwelling been few long-term observational studies in the region, (or lack of cold, nutrient-rich water) along the Westand most determinations of net transport and regional ern Australian coast. Godfrey [1989] calculated annual dynamics have been made from indirect observations, mean depth-integrated steric height and stream functheoretical studies, and numerical modeling (Table 1) .
tion and determined closing off the PACIO region could Godfrey and Golding [1981] performed an early study cause a 6°C drop in the upper 500 m over the entire that investigated the dynamic importance of the PA-South Indian Ocean, with smaller changes elsewhere.
CIO region. Their calculations of depth-integrated
Other studies have looked at the effect of the transport through the PACIO region on Indian Ocean circulation. Kundu and McCreary [1986] hypothesized that southward bending of the throughflow may con- ter can flow through the Indonesian Archipelago, creating basin-scale, buoyancy-driven circulation in the Indian Ocean, and that Pacific heating and winds may be the main driving force behind the Leeuwin current. Hirst and Godfrey [1993] examined the effects of the throughflow on surface heat flux and sea surface temperature using a coarse resolution general circulation model (GCM). They found, in general, that throughflow warms the Indian Ocean and cools the Pacific Ocean, but any large changes in surface temperatures or heat flux were confined to certain "well-defined" regions in these basins. Wajsowicz [1994a] described numerical model results that suggest PACIO transport is an essential element for a good simulation of the eastern Indian Ocean.
The question of how to balance mass, heat, and salt fluxes between the Indian and Pacific Oceans was addressed by several studies. Wunsch et al [1983] concluded as a result of inverse calculations on sections across the South Pacific Ocean that there was negligible net transport through the PACIO region, implying that PACIO throughflow was unimportant in mass, heat, and salt flux balances. Other researchers have concluded that the PACIO region is important in balancing these fluxes. Piola and Gordon [1984] , Took [1987] , and all maintain that an accurate determination of the mass, heat, and salt fluxes in the Pacific and Indian Oceans requires adequate knowledge of the magnitude and variability of the PACIO throughflow.
The PACIO region has been suggested as the major route for return flow of thermocline water from the Pacific Ocean to the Atlantic Ocean [Gordon and Piola, 1983; Gordon, 1985 Gordon, , 1986 . Broecker [1991] believes that the PACIO region accounts for only about one quarter of this return flow but suggests that this flow is still an important component of what he calls "the great ocean conveyor," the major pathway of global circulation.
Attention has also turned to this region because of its possible connection to the El Nine-Southern Oscillation (ENSO). Bye and Gordon [1982] claim that basin-wide exchange between the Pacific and Indian Oceans through the Indonesian Archipelago is an important factor in the ocean's role in the Southern Oscillation. Nicholls [1984] determined that anomalously warm sea surface temperatures in the Indonesian Sea precede ENSO warm events by a few months, and White et al. [1985] found a large increase in the heat content of the warm pool in the tropical western Pacific Ocean before the 1982-1983 ENSO that might be important to the onset of this event. Kindle et al. [1987 found anomalously high Pacific to Indian Ocean transports following a modeled ENSO warm event. They be- lieve that an important factor in the maintenance and variability of the warm pool of the tropical western Pacific Ocean may be the extent to which the throughflow modifies the regional circulation. Therefore the throughflow may have a significant effect on the interannual variability of the coupled ocean-atmosphere system in that region. Wajsowicz [1994b] , using Godfrey's island rule, showed that depth-integrated PACIO transport decreased by 4 Sv (1 Sv = 10 6 m 3 s" 1 ) near the onset of an ENSO warm event and increased a similar amount near the onset of a cold event. Clarke and Liu [1994] also made a similar connection to PACIO transport and ENSO.
Several researchers have examined the reflection of Rossby wave energy by the irregular western boundary of the Pacific Ocean and the possible connection to PACIO throughflow. Clarke [1991] and du Penhoat and Cane [1991] concluded that the reflection of lower-mode Rossby waves from a realistic western Pacific boundary would not be significantly different from the reflection from a meridional wall. McCalpin [1987] predicted that unlike reflection from a meridional wall, as the period of the wave decreased past the minimum reflection point near 65 days, reflection would increase. Du Penhoat and Cane [1991] also determined that there is no anomalous transport through the PACIO region associated with either Rossby wave reflection or ENSO.
Recent indications that the PACIO region may be important in general ocean circulation, particularly in large-scale phenomena such as ENSO, make this an important area to study. We examine the transport through the PACIO region and its influence on the dynamics of the upper tropical Pacific and Indian Oceans. This is done using a 1-layer reduced gravity ocean model with two different model geometries as follows: global domain with an open PACIO region and global domain with a closed PACIO region, i.e., no PacificIndian throughflow permitted. We force the model with realistic wind stresses in some experiments, while in other experiments the model is initialized with analytically determined fields.
In the first section we describe the model and model parameters used. Then we show the two different model geometries and discuss the various experiments that will be run. The final sections detail the results of these experiments, along with a discussion of their physical meaning.
We will show that the model PACIO throughflow is mostly westward and has a mean transport of 7.5 Sv, a value consistent with previous studies. This flow has a significant effect on the seasonal and interannual variability of the southern Indian Ocean, linked to offequatorial Rossby waves generated by PACIO transport, while its influence on any large-scale Pacific dynamics is much smaller. The mean upper layer thickness of the Indian Ocean would be reduced by nearly 20 m if the PACIO region were to be closed off. Additionally, there are also several locations where the open PACIO region effects the high-frequency (< | year) variability. These include the area off Mindanao Island and the Coral Sea in the Pacific Ocean and on the western boundary of the Indian Ocean, near the East African Coastal Current (EACC).
The Model
The numerical model used in this study is the 1^-layer version of the Naval Research Laboratory (NRL) global multilayer model [ Wallcraft, 1991; Hurlburt et al, 1995] which is based on the original semi-implicit, freesurface model of Hurlburt and Thompson [1980] . The model is formulated in a spherical coordinate system on an Arakawa C grid [Mesinger and Arakawa, 1976] and includes realistic coastline geometry determined by the 200 m depth contour. The model domain extends latitudinally from 72°S to 73° N and has a horizontal resolution of 0.5° in latitude by 0.7° in longitude between like variables. Northern and southern boundaries are closed. Mass entrainment into the upper layer prevents lower layer surfacing.
The version of the model used in the 10 year runs incorporates thermodynamics by allowing horizontal density gradients. The density at each point in the upper layer can be affected by entrainment, detrainment, horizontal diffusion, advection, and a relaxation to the Levitus [1982] mean density climatology. Additional details of the thermodynamic model are given by Kindle and Phoebus [1995] and Shinoda and Lucas [1995] .
The vertically integrated equations of motion for the upper layer in the thermodynamic version arê
where V is upper layer transport, t is time, v is upper layer velocity, k is the positive upward unit vector, / is the Coriolis parameter, h is upper layer thickness, g' is the reduced gravity constant, H is the upper layer thickness at rest, g is the acceleration due to gravity, po is the constant reference density, pi is upper layer density, r w is vector wind stress, AH is the coefficient of horizontal eddy viscosity, u is vertical mixing velocity, <T P is the reference coefficient of density climatology relaxation, pi is upper layer density climatology, and KH is the coefficient of horizontal density diffusivity.
Newtonian friction has been applied to Lombok Strait to parameterize the effects of a passage narrower than allowed by the 0.7° longitudinal resolution of the model geometry. Without this additional friction the transport that would normally pass through Savu or Timor Straits would instead go though Lombok Strait. This additional friction has been designed to produce a mean transport consistent with the measurements of Murray et al [1990] . The resultant flow through Lombok Strait displays the observed seasonal and interannual variations as measured by Murray et al [1990] .
Experiments
Two different sets of experiments were performed in this study. The first experiment involved the use of realistic winds to force the model after it was spun up with climatological winds. The second experiment used an analytically derived solution of a first-mode Rossby wave pulse imposed on an ocean at rest. Each experiment set was composed of two independent model runs which were identical, with the exception that different coastline geometries were used to understand the effects of PACIO throughflow. The model geometries differ only in whether PACIO throughflow is permitted (Figure 2) . All model runs used the same set of parameters (Table 2) .
Model Forced by Realistic Winds
Each model run in this experiment set was spun up from rest for 26 years using the hydrodynamic version of the model. The wind used for spin-up was a monthly climatology created from the 1980-1989 European Centre for Medium-Range Weather Forecasting (ECMWF) global wind stress data set. Density values were calculated for each grid point using the final upper layer thickness field and the Levitus [1982] mean density climatology. The resulting density field was used, along with the final output fields of the hydrodynamic model, to start up the thermodynamic model for an additional 26 years of spin-up. Final density fields were recalculated as described above.
The final model runs were done with the thermodynamic version, forced by 1980-1989 ECMWF monthly mean wind stresses. The global fields of model-produced upper layer thickness (ULT), transports, and density were retained every 6 days for analysis. The resulting two data sets will'be referred to as the open experiment, the experiment with the realistic coastline geometry, and the closed experiment, the one with the modified coastline geometry that closes off the three near-equatorial passages between the Pacific and Indian Oceans.
Model With Imposed Analytical Rossby Wave
The zonal and meridional velocity fields for a firstmode symmetric Rossby wave were calculated from the linear shallow-water equations following Matsuno [1966] . The ULT in the model was allowed to adjust to the imposed velocity fields, and the amplitude of the imposed Rossby wave pulse was empirically chosen to produce an initial 20-m response in the ULT field.
All model runs were started at rest and run for 2 years. The analytical velocity fields were imposed in the model's Pacific basin at 99°W. The imposed Rossby wave pulse was exponentially ramped up for a \ day to the first input time step and run for 20 days. The wave was then exponentially ramped down for another \ day. An open boundary condition of the form developed by Camerkngo and O'Brien [1980] was applied just to the east of the wave generation region to prevent eastward propagation which would otherwise lead to reflections from the eastern Pacific boundary.
Results

Model Forced by Realistic Winds
Ten-year time series of transports through Lombok, Savu, and Timor Straits, along with the combined transport through all three passages, were calculated from the model run with open PACIO geometry (Figures 3a-3d and Table 3 ). A strong annual signal is 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 apparent, and an estimate of the autospectral density function shows that about 50% of the variance is at the 1-year period. Transport is mostly westward throughout the model run. During the 10-year duration of the experiment, eastward flow occurred 4.9% (180 days) of the time. There are two significant episodes of eastward transport, November 1983 and November 1987. The maximum eastward transport was 3.8 Sv during the November 1983 episode. The average transport over the 10-year experiment was 7.5 Sv from the Pacific to the Indian Ocean, with most of the transport values being between 2.8 and 12.3 Sv. Transport through the three passages is highly correlated as expected. The largest mean transport is through Savu Strait, closely followed by Timor Strait. Both Savu Strait and Timor Strait have significantly higher average transports than Lombok as dictated by the additional friction imposed on the flow through Lombok Strait.
An annual climatology was constructed from the model output (Figures 4a-4d) . Transport values are smallest during northern winter (October to January), with an average of 4.0 Sv, and largest during northern summer (June to August), with an average of 11.4 Sv. Maximum transports occur from mid-June to mid-August, while the transport minimum is in October to November. Thus it takes roughly 5 months for the transition from maximum to minimum transport and 7 months for the return transition.
Using the above climatology, a 10-year time series of PACIO transport anomalies was generated (Figures 5a-5d) . Anomalously large westward transports occur in the northern summer of 1984 and during 1988-1989 , whereas anomalously eastward transports occur in the northern winters of 1983 and 1987. The entire period from mid-1988 through 1989 had transport values larger than normal. This differs from Wajsowicz [1993] , who found the magnitude of the transport predicted from South Pacific wind stress curl to decrease in the late 1980s. She attributes part of this to a switch from using ECMWF to Japan Meteorological Agency (JMA) wind stresses in 1987 for her study.
There is some debate over the accuracy of estimating volume transport from midchannel velocity alone, especially when the model resolution is such that there is only one point in the channel. To check our transport estimates for the individual straits, we calculated the transport time series for a cross section at 7.5°S and compared these values with the sum of the transport time series of the separate straits. The mean difference was 0.12 Sv, and the RMS difference was 0.66 Sv. These results support the use of single-point, midchannel transport calculations in this model for qualitative studies.
The focus of this study is to investigate what effect the PACIO region has on the tropical Pacific and Indian Oceans by closing off the passages between the two oceans. Time series of average ULT in the Indian ULT anomaly time series were constructed from the above 10-year ULT time series by extracting the weekly varying climatology. There is no significant difference in the Pacific Ocean for the open and closed cases; the two curves nearly parallel each other, separated by a mean absolute difference of 0.5 m (Figure 7 ). In the Indian Ocean the difference between the ULT anomalies in the open and closed experiments is much more pronounced (Figure 8 ). The mean absolute difference between the two cases is 1.0 m, and the curves only roughly follow the same path (Table 4) .
The areas that are most affected by the artificial boundaries between the Indian and Pacific Oceans were identified by calculating the RMS 10-year ULT and upper layer velocity magnitude (ULV) differences between the closed and the open experiments. The boundaries of the RMS fields are the same as used in calculating the average ULT.
The area of greatest ULT variability is the southern Indian Ocean, with the maximum extending westward along 15°S and originating in the PACIO region (Plate la). Other areas of prominent ULT variability are near the low-latitude western boundary currents of the Pacific and Indian Oceans; the Pacific Ocean exhibits a local maximum in the region extending eastward from the Mindanao Current (130°E, 5 -10°N ), while the Indian Ocean exhibits a secondary maximum in the region of the EACC at 45°E, 8°S. A region of smaller ULT variability is in the eastern equatorial Pacific Ocean between 100 and 120°W. Finally, a region of small ULT variability extends across the entire tropical Pacific Ocean (10°N-10°S) and exhibits an eastward intensification that extends poleward along the eastern boundary.
The total ULT RMS difference field can be divided into fields of low-frequency variability and fields of highfrequency variability. The closed and open data sets were smoothed via two passes of a 180-day running average, filtering out energy at frequencies less than half a year. The low-frequency field is the RMS analysis of these filtered data sets (Plate Ib). The high-frequency field is found by subtracting the low-frequency field from the original difference field (Plate Ic). 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 "I" 1 """"!" 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 "I" 1 """"!""" 1 ""! 1 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 The low-frequency ULT RMS variability dominates the height field variations of the open-closed throughflow field, primarily because of energetic long Rossby waves emanating from the PACIO region that cross the southern Indian Ocean (Plates la and Ib). The lowfrequency variability also accounts for the broad band of weak activity across the tropical Pacific Ocean between 10°N and 10°S and contributes to the ULT RMS variability in the Mindanao Eddy region. The highfrequency component of the open-closed ULT variability is concentrated primarily in three areas that, as discussed below, are regions characterized by pronounced dynamic instabilities.
M|IIIIIMIIII|II
The variability in the ULV RMS difference field is dominated by the high-frequency variations in the western tropical Indian Ocean, the western Pacific Ocean near Mindanao, and in the eastern equatorial Pacific Ocean (Plates 2a-2c) . Observations of intraseasonal variability in the EACC region has been discussed by Mysak and Mertz [1984] and Schott et al. [1988] . Kindle and Thompson [1989] , using a one-layer reduced gravity model, hypothesized that the offshore extension of the EACC is barotropically unstable and responsible for the 50-day oscillations observed in this region. The high-frequency variability in the eastern tropical Pacific Ocean may be related to the type of instabilities discussed by McCreary and Yu [1992] . Interestingly, while the southern Indian Ocean is an area of pronounced ULT variability, the ULV response in that same area is weak in comparison to that near the western boundary. This is due to the weak velocity response associated with the off-equatorial long Rossby waves relative to the energetic mesoscale variability of the EACC. It should be noted that some of the high-frequency variability in the open-closed fields cannot be attributed to the effects of the Indonesian boundary, but instead, to the lack of coherence between the open and closed experiments in the regions characterized by unstable flow. However, analysis does show that ULV variability is increased slightly in the Pacific Ocean when the throughflow is closed, whereas a noticeable increase in ULV variability occurs in the western Indian Ocean when the Indonesian boundary is open. Given the simplicity and resolution of the simulation, it is beyond the scope of this report to explore the dynamics of the flow instabil-1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 ities, except to identify regions potentially affected by the throughflow. Modeling efforts with greater vertical and horizontal resolution and bottom topography will be needed to examine these features in detail as well as to explain the response of the Indonesian Archipelago circulation to high-frequency forcing.
Model With Imposed Analytical Rossby Wave
Plates 3a-3c show the results of the imposed analytical Rossby wave pulse on an otherwise at-rest ocean in the open case. The wave pulse can be seen traveling across the equatorial Pacific Ocean (Plate 3c), producing the PACIO transport seen in Plate 3b. The wave signal travels through the PACIO region, becoming a poleward traveling coastal Kelvin wave that separates off the west Australian coast to become an off-equatorial Rossby wave in the Indian Ocean (Plate 3a).
RMS difference plots of open-closed ULT fields in the imposed analytical Rossby wave pulse experiment show little difference in the Pacific Ocean. Snapshots of ULT difference (open-closed) suggest a small reflected Kelvin wave that is apparently present in the closed case only.
Discussion
The PACIO region is a dynamically important area for understanding the Indian Ocean and, to a lesser extent, the eddy-generating regions near Mindanao, the Coral Sea, and the southwestern Indian Ocean. The southern Indian Ocean is significantly affected by transport through this region, whereas the much larger area of the Pacific Ocean and its large ambient interannual signal minimize the effect of the throughflow in that basin.
Upper layer transport through the PACIO region is mainly westward. Throughout most of the 10-year experiment the mean ULT is larger on the Pacific Ocean side of the PACIO region than on the Indian Ocean side. The associated pressure gradient between the two basins (positive to the east) maintains this predominately westward transport. Calculation of the autospectral density function (not shown) from the time series of PACIO transport shows that transport through the PACIO region is largely dominated by the annual signal.
Plate 2. (a) Total RMS differences (open-closed), (b) low-frequency (periods > | year) RMS differences, and (c) high-frequency (periods < | year) RMS differences in upper layer velocity magnitude (in meters second" 1 ) over a 10-year period for the tropical Pacific and Indian Oceans. Colored contours show variability greater than 1 standard deviation above the mean.
There are two significant episodes of eastward transport, late 1983 and 1987. Examination of the mean ULT for the Pacific Ocean and Indian Ocean sides of the PA-CIO region shows a reversal (Indian Ocean ULT larger than Pacific Ocean ULT) for these episodes. These two periods occur in the normally low-flow northern winter, just after an ENSO warm event but before the sea level in the western Pacific Ocean returns to its normally high values. Equally important to the scenario is the occurrence of high sea level on the Indian Ocean side of the PACIO region owing to westerly winds during the northwest monsoon.
The nearly continuous westward transport through the PACIO region deepens the mean ULT in the Indian Ocean by nearly 14% as compared with the mean ULT for the Indian Ocean with no PACIO throughflow. This thickening of the ULT may affect many of the dynamic properties of the Indian Ocean, e.g., wave speeds, sea surface temperature, etc. The PACIO throughflow is also linked to greater variability in Indian Ocean ULT, the standard deviation of which in the Indian Ocean is nearly double that of the Pacific Ocean (Table 4) . The effects on the Pacific Ocean are much smaller, because of the large area relative to that of the Indian basin.
The PACIO transport that leads to the nearly 14% increase in mean ULT in the Indian Ocean causes only a 3.5% decrease in mean ULT in the Pacific Ocean.
The calculations of ULT RMS differences show that the greatest effects of PACIO throughflow are mainly in the southern Indian Ocean due to the "poleward" propagation of the PACIO signal along the northwestern Australian coast as an internal Kelvin wave and the subsequent westward radiation of Rossby waves. The Rossby waves tend to leave the coast at approximately 14°S, a result consistent with McCalpin [1995] .
The large RMS difference in the southern Indian Ocean confirms the importance of the transport of water from the Pacific Ocean through this region on Indian Ocean dynamics. If we assume that upper ocean temperature is directly related to the ULT, then our model results showing a much shallower ULT in the Indian Ocean support the hypothesis that closing off the PA-CIO region could cause a significant drop in the temperature of the upper ocean layer over the entire southern Indian Ocean [Godfrey, 1989] .
The transport through the PACIO region also has a dynamical effect on more localized regions in both the Pacific and Indian Oceans. The areas of large high- frequency RMS differences for both ULT and ULV are locations of considerable eddy generation. In the Pacific Ocean the areas of large high-frequency variability are found off Mindanao Island, the location of the Mindanao eddy, and the eastern equatorial Pacific waveguide. The differences here are slightly decreased by the open boundary with the Indian Ocean, whereas the throughflow increases the intraseasonal variability in the region of the EACC. The results of the analytical Rossby wave experiment help to explain the small effect of the throughflow on the Pacific Ocean variability. The analytical Rossby wave generated was chosen to represent a first-mode symmetrical Rossby wave, with its height field centered near ±5° about the equator. When this Rossby wave arrives at the western Pacific boundary, some of the energy is reflected as an equatorial Kelvin wave, some is transmitted into the Indian Ocean through the PA-CIO region, and the rest is lost to dissipation near the western Pacific boundary. In the open experiment any reflected Kelvin wave is indistinguishable among background noise. The amount of reflected energy is significantly smaller than that computed by McCalpin [1987] , Clarke [1991] , and du Penhoat and Cane [1991] . This may be the result of the more realistic western boundary and the presence of gaps in the PACIO region in our study.
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